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PROCESS TECHNICAL BASELINE

11.0 INTRODUCTION
The purpose of this gppendix isto capture, in one place, any background information that
contributes to understanding materia balance calculations and physica properties thet is not otherwise
captured in Appendix A.

Section 12.0 establishes amaster set of components to be carried by the Hanford Tank Waste
Operation Simulator (HTWOS).

Section 13.0 provides background on some of the important phase equilibrium phenomenon that
occurs in the Hanford Site waste solutions.

Section 14.0 explains how physica properties can be caculated, specificaly liquid density and
viscogty.

Section 15.0 contains background information pertaining to phenomenon in solid-liquid systems.

Section 16.0 summarizes the most recent knowledge with respect to waste solubilities of wastes
and how sufficient caudtic leaching is & removing congtituents from solids.

Section 17.0 is reserved for documenting how private contractor flowsheets impact the overdl
Hanford Site materiad baance.

Section 18.0 documents the methodol ogy used for determining the waste oxide loading in glass.

This document justifies process performance assumptions and various methods used for
flowshest calculations.

This appendix isintended to be aliving document that will be updated to reflect changesin how
HTWOS does its ca culations.
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120 MASTER SET OF COMPONENTSFOR MASSBALANCES

The purpose of this section is to identify a master set of radionuclide and chemical components
which encompasses the stream definition needs of staging plans, sequence studies, process basdine, and
performance assessments. Missing vaues for the components of this master set flags a characterization
need.

Historically, the mass balances for tank waste management studies have reflected different levels
of stream definition consstent with the study's requirements. For example, the Phase 1 low-ectivity
wagte (LAW) feed envelopes are defined in terms of 20 chemica components, 6 non-transuranic
isotopes, and severd transuranic (TRU) isotopes. Phase 1 high-level waste (HLW) feed compliance,
on the other hand, is defined in terms of 35 chemica components and 21 isotopes. For U.S. Nuclear
Regulatory Commission (NRC) classification purposes, tracking dpha emitting transuranium nuclides
(>5 year hdf-life) and eight other long-lived and short-lived radionudlidesis necessary.

Theinterim performance assessment considers 10 isotopes for the inadvertent intruder scenario,
12 isotopes for the groundwater scenario with geochemical retardation, and 14 isotopes for the
groundwaeter scenario without geochemical retardation. In al, the performance assessment tracks 28
radionuclides.

Generdly, waste metdls are tracked in material balances as e ements, gppearing as their oxide
equivaent for thefirst time in the glass effluent from the meter. Anionic species (Cl, COs, F, NO»,
NOs, OH, sulfate, and total organic carbon [TOC]) account for most of the voletility from melters,
phosphate being an exception.

For metds that have a bearing on chemica consumption during caudtic leaching, however,
certain conventions have been adopted for representing those componentsin theliquid phase.  The
fraction of the auminum solubilized during leaching is tracked asthe AI(OH)4 anion. No attempt is
meade to differentiate between this tetrahydroxya uminum anion and its dehydrated cousin AIO2 which
may actualy be present in highly concentrated solutions.

The current Hanford Tank Waste Operation Smulator (HTWOS) convention isto disregard Cr
vaenceinitidly and carry dl Cr as Cr(Total). Chromium solubilized during caudtic leaching will il be
tracked as Cr(OH)a4, recognizing thet it probably convertsto Cr(VI1). This convention alowsusto
differentiate Cr thet isleached from Cr that was initidly in solution. It is fortuitous that caustic leaching
(Cr(OH)s to Cr(OH)4) and permanganate leaching (to CrO.”) each consume amole of hydroxide per
mole of Cr(OH)s so it isn't necessary to know the find vaence to account for hydroxide consumption
during leaching. In previous flowsheets, al soluble chromium was tracked as Cr(OH)4™ even though the
thermodynamicaly preferred species in akaline solution is CrO4”. Thereis convincing empirica
evidence that soluble Cr(I11) does not persist in solution, either converting to Cr(V1), or precipitating as
aCr(l11) compound.
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Table 12-1 lists the components required for various purposes, the most likely sources of
information on those condtituents, and the components that will be tracked in the TFC Operation and
Utilization Plan (TFC O&UP) master set of components. "?' means thereis currently some question
about where the vaue will come from, M* radionuclide carried as mass for mass balance caculations,
then converted to radionuclide outsde of HTWOS

Table12-1. TFC Operation and Utilization Plan Master Set of Mass Bdance Condtituents. (6

Sheets)
Requirements
i e 1981 ClassC HazMat | TFC 0&UP
TableTS.7.1 | TaeTS82 110CFR61.55| Performance | (Boothe | Components
TeTS72 | 1orans | LDl | Asesmen | 1996 or
(BNFL 2000a) (BNFL 20000)
Ag Ag Ag
Al Al Al
A1(OH)4
As As
B B
Ba Ba Ba
Be Be
Bi Bi
Ca Ca Ca
Cd Cd Cd Cd
Ce Ce
Co Co
Cr Cr Cr Cr
Cr(OH)4
Cs Cs
Cu Cu Cu
Fe Fe Fe Fe
H
Hg Hg Hg Hg




HNF-SD-WM-SP-012
Revidon 2

Tablel2-1. TFC Operation and Utilization Plan Magter Set of Mass Balance Condtituents. (6

Sheets)
Requirements
Ezvg%pe Tir;}/eel Tog-e8[.)1 ClassC HazM at TEC O&UP
TaleTs.71 | TeleTS-8.2 |10CFR61.55| Performance | (Boothe | Components
Teble TS-7.2 $$:2$§ng1 $£:2 L | Asmmen 1ﬁg)cor
(BNFL 2000a) (BNFL 2000b)

K K K

La La La

Li Li
Mg Mg
Mn Mn
Mo Mo
Na Na Na

Nd Nd

Ni Ni Ni Ni

Pb Pb Pb Pb

Pd Pd

F)r

Pu Pu

Rb Rb

Rh Rh

Ru Ru

Sb Sb Sb

Se Se Se

Si Si

S ' Sr
Ta Ta

Tc Tc Tc

Te Te

Th Th
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Tablel2-1. TFC Operation and Utilization Plan Magter Set of Mass Balance Condtituents. (6

Sheets)
Requirements
Ezvg%pe Tir;}/eel Tog-e8[.)1 ClassC HazM at TEC O&UP
TaleTs.71 | TeleTS-8.2 |10CFR61.55| Performance | (Boothe | Components
Teble TS-7.2 $$:2$§ng1 $£:2 L | Asmmen 1ﬁg)cor
(BNFL 2000a) (BNFL 2000b)
Ti Ti
Tl Tl Tl
U U U U
\ \Y;
W W
Y Y
Zn Zn
Zr Zr
Cl Cl Cl Cl
CN CN
CO3 CO3 CO3
F F F F
NH3 NH3
NO2 NO2 NO2 NO2
NO3 NO3 NO3 NO3
OH OH
PO4 PO4 PO4
SO4 SO4 SO4 SO4
H20
Separable
Organic
TOC TOC Organic | Organic Carbon
Carbon
Ac-227 Ac-227
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Tablel2-1. TFC Operation and Utilization Plan Magter Set of Mass Balance Condtituents. (6

Sheets)
Requirements
Ezvg%pe Tir;}/eel Tog-e8[.)1 ClassC HazM at TEC O&UP
TableTs.7.1 | TaeTS82 110CFR61.55| Performance | (Boothe | Components
TaleTs 7.2 | TDCTSE3 Teblel | Assesment | 1996) or
(BNFL 2000a) (BNFL 2000b)
Am-241 Am-241 Am-241 Am-241 Am-241
Am-243 Am-243 Am-243 Am-243
C-14 C-14 C-14 C-14 C-14
Co-60 C-60 Co-60
Cm-242 Cm-242 Cm-242
Cm-243 Cm-243 Cm-243 Cm-243
Cm-244 Cm-244 Cm-244 Cm-244
Cm-245 ?
Cs-137 Cs-137 Cs-137 Cs-137 Cs-137 Cs-137
Ba-137
Eu-152 Eu-152
Eu-154 Eu-154 Eu-154
Eu-155 Eu-155 Eu-155
H-3 H-3 H-3
[-129 [-129 [-129 [-129 [-129
Nb-93m Nb-93m
Ni-63 Ni-63 Ni-63
Np-237 Np-237 Np-237 Np-237 Np-237 Np-237
Pa-231 Pa-231
Pu-328 Pu-238 Pu-238 Pu-238 Pu-238
Pu-239 Pu-239 Pu-239 Pu-239 Pu-239 Pu-239
Pu-240 Pu-240 Pu-240 Pu-240 Pu-240
Pu-241 Pu-241 Pu-241 Pu-241 Pu-241
Pu-242 Pu-242 Pu-242 Pu-242
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Tablel2-1. TFC Operation and Utilization Plan Magter Set of Mass Balance Condtituents. (6

Sheets)
Requirements
EXVS %pe Tir;}/eel Tog-e8[.)1 ClassC HazMat | TEC O&UP
TableTs.7.1 | TaeTS82 110CFR61.55| Performance | (Boothe | Components
TaleTs 7.2 | TDCTSE3 Teblel | Assesment | 1996) or
(BNFL 20008) | g1 20000)
Pu-244 ?
Ra- 226 Ra-226
Ra-228 Ra-228
Sb-125 Sb-125
Se-79 Se-79
Sm-151 Sm-151
S126 Sn126 S+126
Sr-90 Sr-90 Sr-90 Sr-90 Sr-90 Sr-90
Y-90
Tc-99 Tc-99 Tc-99 Tc-99 Tc-99 Tc-99
Th-229 Th-229
Th-232 Th-232
U-232
U-233 U-233 U-233
U-234 U-234
U-235 U-235 U-235
U-236 U-236
U-238 U-238
Zr-93 Zr-93
Butanol ?
DBP/TBP ?
EDTA ?

Note: See Appendix B for the current discussion of the origin of component val ues.
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There is considerable overlap between the available sources of compostion data, but no single
source satisfies the requirements of al the studies (staging plans, sequence study, and process basdine).
The globd standard inventory tracks 26 chemica species, the standard tank-by-tank inventory tracks a
dightly different set. The globa standard inventory will have to be supplemented with additional sources
of dataif non-standard constituents are to be tracked.

12.1 REFERENCES

BNFL, 2000a, Interface Control Document for Low-Activity Waste Feed, BNFL-5193-1D-19,
Rev. 4d, BNFL, Inc., Richland, Washington.

BNFL, 2000b, Interface Control Document for High-Level Waste Feed, BNFL-5193-1D-20,
Rev. 43, BNFL, Inc., Richland, Washington.
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13.0 EVALUATION OF SUPERNATE CHEMISTRY

13.1 ALUMINUM SOLUBILITY

The solubility of duminum in the N&O-Al20s-H20 system iswell documented in the literature,
The soluble duminum species present in Hanford tank waste is generdly conceded to be Al(OH) 4,
which has, in fact been confirmed by raman spectroscopy. Tetrahydroxyduminate anion exigsin
equilibrium with gibbsite or sodium aduminate, depending on the hydroxide concentration and the overdl
ionic strength of the solution. The equilibrium equations that define duminum solubility are:

Al(OH)s + OH" = AI(OH)s
AI(OH)4 + Na" + nH20 = NaAlO2.(2+n)H-0

Since precipitated sodium auminate solids contain waters of hydration, variaionsin the activity
of water can sgnificantly dter the solubility. The activity of water is, in turn, highly dependent on the
total ionic strength of species not explicitly shown in the equilibrium eguations (Reynolds 1995). From
the above equations, the activity of OH™ and Na' is dso important in defining the solubility of duminum.

Sinceionsin solution are solvated with water, the activity of water dso affects the activity of the
solvated species.

The presence of other saltsin the NaO-Al03-H-0 system affects the solution field of
auminum. An early study (Barney 1976) showed that duminum solubility as afunction of hydroxide
concentration dramaticaly shiftsin the presence of other saturated salts (nitrate, nitrite, carbonate, and
aulfate). Others have observed this complex phenomenon aswell (Herting and Cleavenger 1983;
Reynolds and Herting 1984; Herting et d. 1986).

Barney's results indicate a depressed auminum solubility in the range above 2 M OH” where
oluble duminum isin equilibrium with sodium auminate. The depression of sodium aduminate solubility
in waste smulants has been studied extensvely in the Hanford labs (Herting and Cleavenger 1983;
Reynolds 1995). Regression of the solubility data provides an equation for caculating the sodium
aduminate solubility (Reynolds and Herting 1984).

[NaAlO;] = 5.304 - 0.0550(temp) - 0.502[OH] + 0.000413(temp)? + 0.00282(temp)[OH] -
0.00189(temp)[NOs] - 0.00150(temp)[NO:]

Vdid Ranges.

temp from 60 °C to 100 °C
[OH] from20t06.6 M
[NO:] from2.0t0 6.2 M
[NOs] from 1.7 to 5.0 M

1-13
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The authors suggest thet this equation will predict solubility within about 10 percent. The
solubility of sodium auminate projected from the Reynolds-Herting equation is consderably lower than
the solubilities reported by Barney.

Increasing the water content of duminum-bearing liquids may result in the precipitation of
gibbste. Absorption of CO. from the air, which depletes free hydroxide, may have asmilar effect. For
liquids that have crossed over the gibbsite phase boundary, an addition of NaO (as caudtic) isusudly
aufficient to resolubilize gibbgte.

13.2 PHOSPHATE FLUORIDE SOLUBILITY

Ancther phase diagram pertinent to managing Hanford wastes is the NasPO4-NaF-H20 system
(Mason and Ashcroft 1939). While sodium phosphate is reasonably soluble by itsdlf, the presence of
small amounts of sodium fluoride depresses solubility dramaticaly due to the formation of the double st
NarF(POa)2 19H20. The phase behavior of this system is further complicated in the presence of
hydroxide since a protonated phosphate and a deprotonated phosphate behave differently. The
hydroxide concentration is also affected by the equilibrium of the N&O-AlO3-H20 system.

The implications of the NasPOs-NaF-H-0 system is that tanks with high phosphate and fluoride

could contain gppreciable amounts of this low solubility double st that won't dissolve with moderate
dilution anticipated for retrieva.

1-14
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140 PHYSICAL PROPERTIES

141 SOLUTION DENSITY

The purpose of Section 14.1 isto explain the liquid density model used by HTWOS, and to
document information about dternate methods of calculating dengty.

The availability of various modds for caculaing solution density has sometimes caused tank
waste management studies to be inconsistent with each other. A modd regressed by Reynolds and
Herting (1984b) from data on 50 moderately to highly concentrated smulants, in use since 1984,
accounts for AlO2, NO2, NOz and OH, and includes a temperature term. There is aso adensity mode
regressed by Agnew and Watkin (1994) from extensive laboratory measurements on actual waste
samples. The Agnew and Watkin mode accounts for Al, Na, NO,, NOs and OH.

Recently, the Environmental Simulation Program (ESP) of OLI Systems, Inc. has seen
increased usage a Hanford. The ESP calculates solution density from basic principles while modding
the complicated chemistry of dectrolyte solutions.

The density modd used in conjunction with HTWOS was borrowed from the TWRS Process
Flowsheet or TWRS Privatization Process Technical Baseline (Orme et d. 1996). The coefficients
for the modd were developed from earlier plutonium-uranium extraction (PUREX) flowsheet studies.
The HTWOS densty modd assumes direct, first-order proportionality between component
concentration and dengity.

All of the models do areasonable job of predicting density, but the HTWOS density modd is
the leest cumbersome to use in conjunction with HTWOS. To illugtrate the consistency of two of these
modes, Perry’s Handbook density values for NaNOs solutions at 20 and 40 °C were interpol ated to
25 °C. Table14-1 and Figure 14-1 compare the Handbook density to an ESP simulation and the
HTWOS density modd. NaN Oz was selected for this comparison because it is the primary soluble
component in dl tank waste. Over awide range of concentration, the difference islessthan 1 percent.

14.1.1 HTWOS Density M odel
Dengty caculaionsin earlier TWRS Process Flowsheet and Privatization Process Technica
Basdline are based on the assumption that individual component contributions are proportiond to
component molarity, and individua component contributions are additive. The flexibility to add or
delete components from the density determination is an attractive fegture of this modd:
dr = dw + 3(gMi) Equetion 1

Tablel14-1. NaNOs Solution Density.

ESP's Perry's Handbook : : HTWOS

: , , Perry's Perry's ESP's ;
densty @ | Density @\ Densty @ wigp | molarity@ | densty | densty | %SV @
temperature
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1.0049 1.0049 0.9986 1 0.118 1.0033 1.0035 1.0060
1.0117 1.0050 2 0.238 1.0100 1.0102 1.0121
1.0254 1.0180 4 0.482 1.0236 1.0237 1.0246
1.0532 1.0447 8 0.989 1.0511 1.0513 1.0505
1.0819 1.0724 12 1.524 1.0795 1.0800 1.0777
1.1118 1.1013 16 2.088 1.1092 1.1099 1.1065
1.1448 1.1429 1.1314 20 2.682 1.1400 1.1413 1.1368
1.1752 1.1629 24 3.310 1.1721 1.1742 1.1688
1.2085 1.1955 28 3.970 1.2053 1.2087 1.2025
1.2256 1.2122 30 4.314 1.2223 1.2266 1.2200
1.2701 1.2560 35 5.215 1.2666 1.2733 1.2660
1.3311 1.3175 1.3027 40 6.183 1.3138 1.3230 1.3153

Figurel4-1. NaNOsz Solution Dengty.

1.35

130T

1257

1207

Density

1157

1107

1057

1.00
0 20 40 60

wt% NaNO3

—— Perry's density @ 25C —®— ESP's density @ 25C
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Subgtitution and agebraic manipulation yields an equivaent formulain terms of individua

component mass (m) and total mass () of the solution:
dr = mydw/(mr - 20003 (gm/mwi) Equation 2

dr is solution dengity
dw iswater dendity
My istotal mass
g arethe dengty coefficients
m are the component masses
mw; are the component molecular weights.

In the HTWOS materid balance, solute mass information is available rather than molarity so Equation 2
is preferred. Table 14-2 provides the coefficients that have been used higtorically.

Table 14-2. Congants and Coefficients for the HTWOS Density Modd!.

Component mwi g (historicd) g (ESP based)
Al(OH)4 95.01 0.1553 0.04
Carbonate 60.01 0.0989
Fuoride 18.998 0.028
Nitrite 46.0 0.051
Nitrate 62.0 0.051 0.054
Hydroxide 17.01 0.028
Sulfate 96.058 0.061
Uranyl ion 270.027 0.318

The origin of the historicd aluminate coefficient was traced to duminum nitrate. An ESP model
of duminum nitrate solution verified thet the historica dengity coefficient is congstent with amuch
heavier duminum nitrate molecule (mw; = 213) rather than sodium duminate (mw; = 82). The historicdl
coefficient gppears to overgate duminum'’s contribution.  Adjustment of the duminum coefficient was
justified, so we developed an aternate, ESP-basad coefficient that is currently in use by HTWOS. The
other historical coefficients appear reasonable.

The total mass divided by solution dengity yidds totd volume (V7). An equation to caculate
total volume directly from mass datais easly derived from the above equation:

V= [mr - 10003 (gm/mwi)]/dw Equation 3

1-19
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14.1.2 Densties Calculated by Environmental Smulation Program

The ESPis currently in use a the Hanford site to perform thermodynamic equilibrium
cdculations on dectrolyte solutions. The ESP cdculates the dengity of agueous solutions by a partid
mola volume approach. The details of this methodology can be found in standard handbooks (Zemaitis
et d. 1986). Thefollowing discussion documents that we have found ESP-calculated dengtiesto bein
excellent agreement with literature vaues for both smple and complex sdt solutions.

14.1.2.1 Single-Component Solutions. The following tables compare Chemica Engineers Handbook
(Perry and Chilton 1973) dendity data to ESP-cdculated density for Sngle-component eectrolyte
solutions. The handbook vaues are consdered reliable. Tables14-3, 14-4, 14-5, and 14-6 are for
sodium nitrate, sodium hydroxide, sodium carbonate, and sodium sulfate, respectively. These are
common componentsin Hanford tank waste. How well ESP cal culates density depends, of course, on
the quality of the datain its database. For these four compounds, there is excellent agreement between
ESP-cdculated dengty and the Chemical Engineers Handbook.

Table 14-3. Sodium Nitrate Dengity.

Wt % 40°C 80°C
Handbook ESP Handbook ESP
1 0.999 0.998 0.978 0.978
12 1.072 1.072 1.048 1.048
24 1.163 1.162 1.135 1.132
35 1.256 1.255 1.226 1.217

ESP = Environmental Simulaion Program
ESP density iswithin 1 percent of handbook.
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Table 14-4. Sodium Hydroxide Densty.

Wt % 40°C 80°C
Handbook ESP Handbook ESP
1 1.003 1.002 0.982 0.982
8 1.078 1.066 1.056 1.044
16 1.164 1.140 1.141 1.115
24 1.251 1.222 1.226 1.192

ESP = Environmental Smulaion Program
ESP dengty iswithin 3 percent of handbook. Disparity increases with concentration and

temperature.
Table 14-5. Sodium Carbonate Dengity.
Wt % 30°C 80°C
Handbook ESP Handbook ESP
1.006 1.006 0.981 0.982
4 1.036 1.036 1.010 1.010
14 1.142 1.141 1112 1.103

ESP = Environmentd Simulation Program
ESP density iswithin 1 percent of handbook.

1-21
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Table 14-6. Sodium Sulfate Dengty.

Wt % 40°C 80°C
Handbook ESP Handbook ESP
1 1.001 1.000 0.980 0.980
8 1.064 1.054 1.043 1.030
16 1.141 1.118 1.118 1.089

ESP = Environmentd Simulation Program
ESP density iswithin 3 percent of handbook.

Digparity increases with concentration and temperature.

14.1.2.2 Multi-Component Solutions. Dengty datafor single-component solutions, such asthose
noted above, are usualy tabulated across a wide range of concentration. Dengty vaues for waste-like,
multi-component solutions of low to intermediate ionic srength are difficult to find. Typicdly, multi-
component dengity dataiis found in conjunction with multi-component solubility deta, i.e., only for
saturated solutions. Large collections of multi-component solubility data (Linke 1965) are available. It
is difficult to vouch for the accuracy of individud citations. The ESP-cdculated dengity for severd
multi-component systems was cross-checked againgt some vaues found in this literature.

Density for saturated solutions of sodium nitrate and sodium chloride were calculated with ESP.
Table 14-7 compares the results with literature (Linke 1965).

Table14-7. Density of Saturated NaNOs - NaCl Solutions At 50 °C.

Wit% NaNOs Wit% NaCl Density Densty
(Linke 1965) (ESP)
15.3 205 1.259 1.244
35.6 11.9 1.370 1.350
48.8 3.57 1.418 1.404

ESP = Environmenta Smulation Program
ESP dengty iswithin 1 percent of literature,
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Table 14-8 provides density data for the same system over awide range of temperature.
Linke s vaues are from different researchers.

Table 14-8. Dendity of Saturated NaNOs - NaCl Solutions.

Wit% NaNOs Wit% NaCl Temp°C (Liﬁi"ig@ [()gg)y
437 3.16 25 1.386 1.396
426 5.10 30 1.394 1.392
448 5.38 40 1.410 1.395
4838 357 50 1418 1.404
54.2 372 75 1.460 1414
55.0 6.16 01 1518 1417
50.4 3.97 100 1,501 1.429

ESP = Environmentad Simulation Program
ESP dengity iswithin 1 percent of literature below 60 °C.
Digparity increases (3 to 7 percent) at higher temperature.

Dengity for saturated solutions of sodium nitrate, sodium chloride, and sodium sulfate, dl
components in Hanford waste, were caculated with ESP. Table 14-9 compares the results with

literature.

Table14-9. Densty of Saturated NaNOs - NaCl - N&SO4 Solutions at 25 °C.

Wi%NaNO: | Wt%NaCl | Wi% NaSO; (Lilr?lgsigy%) '?g;t)y
7.08 9.8 14.9 1.281 1.284
239 4.32 108 1.333 1.348
41.0 343 280 1.39 1411

ESP = Environmentad Simulation Program
ESP dengdty iswithin 1 percent of literature.
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Dengties higher than calculated vaues have been observed by Hanford researchers in smulated
wadte solutions. Density for solutions of sodium nitrate, sodium nitrite, sodium auminate, and sodium
hydroxide have been caculated with ESP. Table 14-10 compares the results with literature (Reynolds
and Herting 1984b).

Table14-10. Density of NaNOs — NaNO; - NaAlO, — NaOH Solutions® At 60 °C.

Moldity | Moldity | Modity | Molaity (RDe?/an(lJtl')c/is Doty | Demy
NaNOs NaNO; NaAlO> NaOH anol1 gg[)mg (WESOL) | (Public)
6.26 9.05 3.80 5.22 1.57 1.50° 1.46
5.48 7.36 2.53 8.85 1.54 1.48° 1.45°
4.50 5.50 1.85 11.28 1.53 1.47° 1.45°
3.95 491 4.69 5.22 1.51 1.50 1.46
343 491 2.67 8.85 1.51 1.48 1.45°
3.25 3.75 2.09 11.28 1.51 1.47° 1.45°

ESP = Environmental Smulation Program

ESP dengty iswithin 5 percent of literature. Typica of disparity at higher concentration.
All solutions were dso: "NOs/NO: precipitate ‘NO; precipitate

0.051m sodium EDTA

0.083m sodium citrate

0.070m sodium phosphate

0.070m sodium carbonate

0.016m sodium sulfate

Table 14-11 compares ESP densities to the measured room temperature dengity of stock
solutions containing NaAlO2, NaOH, N&COz and N&SOs (Reynolds and Herting 1984). Table 14-
10 shows the ESP dengity using Hanford's WESOL database and the PUBL I C database provided with
ESP.
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Table 14-11. Density of NaAlO2 — NaOH Solutions® at 25 °C.

Moldity | Mdaity | DSV | DERY g
NaAlO> NaoH | (Reynoldsan
Herting1984) | (WESOL) | (PUBLIC)
2.03 9.22 1.386 1.377 1.365
1.74 7.90 1.395 1.331 1321
1.08 8.21 1.350 1.308 1.302

ESP = Environmenta Simulation Program
ESP dengty iswithin 5 percent of literature.
Al solutions were also:

0.070m sodium carbonate

0.014m sodium sulfate

Datain the preceding tables have shown that the disparity between measured and
ESP-cdculated dengity is grestest at high concentration and temperature, but dways within 5 percent.
ESP (WESOL) agrees better with measured density than ESP (PUBLIC), especidly when thereis no
second phase formation.

The onset of precipitation appears to be another area of discrepancy between ESP and
experimenta data. In Table 14-10, it is noteworthy that ESP (WESOL and PUBLIC) predicts
precipitates in the most highly concentrated waste s mulants, while Reynolds and Herting found none.
This has been observed e sewhere.

Experimentally, concentrated salt solutions have atendency to supersaturate and remain
somewhat stable for extended periods. This can be seen in the measured densties from Reynolds and
Herting (1984) and others. Since ESP cd culates the minimum free energy condition (thermodynamic
equilibrium, i.e., it does not dlow supersaturation), excess soluteis not dlowed to be in solution. Thisis
advantageous from a practical standpoint because if ESP does not predict precipitation, then the
solution is probably a comfortable distance from saturation. Keegping sdtsin solution is usudly desrable
for waste processing purposes.

ESP s primary disadvantage isthat it istoo cumbersome for everyday use. It gppearsto

predict dengties in reasonable agreement with literature values. 1t can beimproved by upgrading the
underlying thermochemica data base.
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14.1.3 Reynolds-Herting Density M odel

In conjunction with an experimenta study of solubility in complex sdt solutions, Reynolds and
Herting (19844a) reported a smple three-variable model which relates supernate dengty to the
concentration of sodium, aluminate' and free hydroxide:

Molarity: Density = 1 + 0.038[N&] + 0.07[AI(OH)4] - 0.015[free OH]

In an improved verson of the same study, they reported the solution density of 263 sodium salt
solutions (Reynolds and Herting 1984b). Fifty solutions were sdected for regression, resulting inan
equation with four composition variables and a temperature variable. Handbook vaues for the dengity
of water at various temperatures were a0 included in the regression without agppreciably affect the
accuracy of the equation in the concentration range that was tested.

Moldlity: Density = 1.137 + 0.0240[NOz] - 0.00134[NO,][NOs] + 0.0183{[AlO;] +
[OH] + [NO;] + [NOs]} - 0.00189(T)
Molarity: Density = 1.017 + 0.0587[AlO] - 0.01943[OH] -
0.000883[NO2][NO3] + 0.045% [AIO2] + [OH] + [NOZ] + [NO3]} -
0.000505(T)

The regression coefficient for the above density model was R = 0.98.

The above equations were spot checked by Reynolds and Herting with compositions that
were not included in the regresson set. The calculated density was very close to measured density.

14.1.4 Agnew-Watkin Density M odel

To improve on theinitia Reynolds-Herting mode, Agnew and Watkin (1994) worked with a
data set of 400 Hanford supernate samples and identified five andytes that appeared to dominate the
dengty. While data from radioactive supernate samples are readily availlable, the challenge of obtaining
very accurate concentration and dengity measurements while working under hot cell conditionsisa
factor to consider in relation to the reliability of these data

Thislarge data set was pared to 196 samples which reported andytica resultsfor dl five
andlytes of interest. The samplesranged from 1 to 1.75 in density; only a handful of sampleswere
above 1.5 and the mgjority were below 1.4. An eleven-constant equation relating dengty to the
concentration of the five anaytes was derived from this sample .

Molaity: Density = 1+ 0.2{-0.0955[Al]* + 0.383[Al] - 0.0054[Na]’ + 0.1096[N4] -
0.073[NO;]? + 0.373[NO?] + 0.00046[NO3]? + 0.201[NOs] + 0.0197[OH]>
+ 0.0077[OH]}

1Aluminate is believed to exig in the form Al(OH)4 in solution.  The dehydrated form (AlO2) is frequently us
interchangeably asin some of the following equations.
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Comparing caculated dengty to measured density yielded the following observations:

The difference between caculated density and measured density was more than 0.1 for 11 of
196 samples.

The difference was less than 0.05 for 148 of 196 samples.

The average difference between calculated and measured dengty was 0.034.

For generd purpose use, this model proved to be unrdiable. Because of the squared termsin
the equation, the modd caculates unredistic dengty for chemicd add streams that do not contain dll five
andytes, and for waste streams that depart appreciably from the compositions used for the regression.
Thisisalimitation common to many regressed models.

14.1.5 Recommended Density Equation

Handbook values of solution density show a reasonably linear dependence on molarity over a
farly widerange. Figurel4-1 shows linear dependence quite clearly. Linear dependenceisinherent in
the HTWOS dengity equation.

ESPsinput requirements disqualify it as a generd purpose density modd within the HTWOS
modding environment. HTWOS does not currently track inventory as a charge-baanced liging of
molecular components, as required by ESP. Converting HTWOS stream inventory datainto ESP
compatible format would be cumbersome and difficult to maintain with an inventory that is ill changing.

ESP usudly cdculates dendty in close agreement with tabulated valuesin sandard reference
books, and measured vauesin the literature. A potential use of ESP is selective cross-checking of
densities determined by dternate methods. Of the four density methods discussed above, only ESP
recognizes the onset of temperature- or composition-induced precipitation in concentrated solutions.
None of the three density equations is cgpable of indicating second phase formation.

The Reynolds-Herting equation (and likewise the Agnew-Watkin eguation) islimited to the
components included in the regression, where the HTWOS density equation has the flexibility of adding
components as new coefficients are determined. Reynolds-Herting has a temperature adjustment term
where the HTWOS density equation does not (except the density of water can be adjusted).

1-27



HNF-SD-WM-SP-012
Revidon 2

The Reynolds-Herting and HTWOS equetions have virtudly the same form, differing primarily
in the numerica vaue of the congtants. Because of the smal coefficient before the [NO,][NOs] termiin
the R&H model, one can ignore it and approximate the density contribution of NO. and NOz as 0.0459
per molarity unit. The dengty contribution of AlO2 and OH in the R&H molarity equation is 0.1046 and
0.0265 per molarity unit, respectively. A comparison of coefficients from the Reynolds-Herting and
TWRS Howsheet dengity corrdationsis interesting. These are compared in Table [4-12. Thisis further
confirmation that the historica coefficients are reasonable.

Table 14-12. Comparison of Coefficients.

Reynolds-Herti HTWOS

Component Codffiderts codfficients
Al(OH)a 0.105 0.04
Oxdate
Carbonate 0.0989
Huoride 0.028
Nitrite 0.046 0.051
Nitrate 0.046 0.051
Hvdroxide 0.026 0.028
Phosphate
Sulfate 0.061
Uranvl ion 0.318

The largest differenceisin the coefficient for soluble duminum. Previoudy in thisdiscussion, a
lower value was established based on ESP predictions.

142 SOLUTION VISCOSITY

The viscosity of water iswel known and changes dramaticaly with temperature. Figure 14-2
shows the temperature dependence. In the temperature range that would be encountered during norma
tank farm operations, the viscosity of water can change by afactor of two or more. Over the same
temperature range, the density of water changes relatively little (0.998 kg/m’ at 20 °C to 0.958 kg/m” at
100 °C). Because the Reynolds number isinversaly proportiona to kinematic viscosity
(viscosty/dengity), turbulent flow is achieved at lower velocities with hot water than with cold weter.

Solutes vary in their effect on solution viscosity. On awt% basis, NaOH and NaCOs have a

amilar effect, while the effect of NaNOs isrdaivey minor. Thisisillusrated in Figure 14-3 for three
st solutions a 20 °C.
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Figure14-2. Viscosty of Water.
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While thereisawedl developed theoretical basis for estimating the viscosity of gases, thereisno
comparable theoretical bassfor estimating liquid viscosities (Reid et d. 1987). Many viscosity-
correlating methods have been proposed for organics and even agueous-organic. Until recently, the
correlations available for eectrolytes did not adequately cover awide range of temperature and solute
concentration. To fill thisvoid, one paper proposes a"hole modd™ to predict the viscosity of agueous
electrolytes containing mixed sdts from very dilute solutions up to the molten salt regime (Zdtash and
Ally 1992). The modd has four parameters that can be evauated from very little experimenta data.

Viscosity data and correlations for single component solutions are readily available, but
multicomponent corrdations are difficult to find. Hanford workers have developed severd corrdations
for evaporator durries over the years which relae viscosity to densty, but no corrdation relating the
viscogity to the concentration of individua componentsis avaladle.

14.2.1 Zaltash Viscosity Model

Zatash and Ally proposed this model because no single correlation in the literature was capable
of predicting viscosities over awide range of temperature and over the complete concentration range,
from very dilute to highly concentrated. Dispensing with the lengthy development of the "hole modd,”
the corrdaion amplifies to the form:

U= ™V

where w isacharacterigtic of the salt mixture having negligible dependence on temperature and

concentration (Wt%o) in solution. The exponentia term captures concentration dependence and

temperature dependence. E/R, the activation energy for viscous flow, is a second order polynomial:
E/R = A + B(Wt%) + C(wt%)’

where wt% is the concentration of the salt or salt mixture. The temperature is degrees Kevin.
Therefore, there are four parameters (w, A, B, C) to be determined for any sdt or mixture of sdts.

The data required to evaluate the parametersis minima. The pre-exponentid term (W) is
evauated from two viscosity measurements at one concentration (i.e., a two temperatures). Itisa
good idea to evauate w a more than one concentration and average the values.

Once w is evaluated, s multaneous equations can be solved to evduate A, B and C.

ER=T(nur- Inw) = A + B(Wt%) + C (Wt%)”
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The polynomia coefficients are evaluated from the viscosity of water (at two temperatures) and
the viscosity of the sdt solution at two different Strengths (each at two temperatures).

The EXCEL SOLVER feature provides a quick way to solve for the Zdtash parameters by
minimizing the square of the difference between experimenta and calculated viscogty. This Soreadsheet
approach is very flexible and convenient, snce dl available data can be included in the evduation. A
sample output of this soreadsheet for NaOH solution is provided in Table 14-4, and for 241-AN-105
liquidsin Table 14-5. This output records the conditions (Wt% and temperature) of experimentaly
determined viscosity, the Zatash parameters, and the calculated viscosity. Thereisalso ablock for
predicting viscosities requiring the user to enter awt% and temperature.

Note that the Zadtash model does not predict viscodty from compostion. Rather, it predicts
viscosity at other wt% and temperatures from aminimal amount of experimental data.

14.2.2 Boildown and Evaporator Data (Teats Equation)

A considerable volume of measured viscosity data has been accumulated over the years from
boildown tests and evaporator runs. This discussion looks at viscosity data extracted from evaporator
post run documents dating from 1982 to 1985 (Reynolds 1988). While the magnitude of the measured
viscogity is not unreasonable, the observed trends are not always consistent with expectations. The
following observations derived from ingpection of these data:

Viscosity of solutions did not aways incresse with spgf, as expected.

Viscosity measurement appears to be dependent on the instrument (the Brookfield viscometer
appears to measure lower than the Haake, but this is uncertain since no sample was measured
on both ingruments).

Viscosty increased rgpidly (particularly as measured with the Brookfield viscometer) when
solutions were cooled below 30 °C.

Teats selected a subset of these data (atota of 21 observations at four specific gravities) and
regressed a corrdation in terms of spg and temperature. The data set is provided in Table 14-5.

The Teats Equation is:

In(u) = -0.016584T - 6.208E-5T° + 33.58594SpG - 11.3019SpG’ - 19.106

The range of applicability is for temperatures from 20 to 50 °C, and for SpG from 1.0 to 1.5.

! For the purposes of this discussion, the SpG measured at 25 °C identifies the sample. The SpG as

wel| as the viscosty change with temperature.
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Table14-4. Viscosty Prediction of Aqueous Salts--NaOH.

U=wexp[{ A + B(Wt%) + C(Wt%)} /R/(T+273)]

1-32

Data
Congtants o Expr. Cdc.
w= [17e05 | | M | TeWCO) sty | Viscosty A A2
A= [6346.71 0 20 1.0 0.9 0.079 0.00624
B= |57.1836 0 25 0.9 0.8 0.12167 0.0148
C= [-0.14947 0 50 0.5 0.3 0.21144 0.0148
R= 119872 0 75 0.4 0.2 0.21328 0.04549
0.5 20 1.0 1.0 0.0556 0.00309
5 20 1.3 1.5 -0.17258 0.02978
10 30 1.4 1.6 -0.22419 0.05026
10 70 0.7 04 0.27347 0.07479
30 30 8.8 8.9 -0.09796 0.0096
30 70 2.6 1.9 0.6837 0.46744
50 30 40.0 40.0 0.03344 0.00112
50 70 7.0 7.2 -0.22416 0.05025
Predicted values 0.79757
10 40 11
20 50 1.8
30 45 4.8
40 45 10.0
40 30 19.3
50 60 10.7
50 35 315
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Table 14-5. Viscosty Prediction of Aqueous Salts (from AN-105 data)

U=wexp[{A + B(Wt%) + C(wt%)’} /R/(T+273)]

Data
Congtants o Expr. Cdc.
w= 000051 | | V% | TeWCO) [Vicosty | Viscosity A A2
A= | 4436.47 0 20 1.002 1.032 -0.02994 0.0009
B= 1184 0 25 0.890 0.908 -0.0177 0.00031
C = 10.35666 0 50 0.547 0.509 0.03828 0.00147
R= 119872 0 75 0.378 0.310 0.0686 0.00471
0 100 0.282 0.201 0.08046 0.00647
37.6 28 6.000 6.225 -0.22491 0.05058
37.6 45 4.000 3.763 0.23724 0.05628
37.6 65 2.500 2.221 0.27948 0.07811
51.3 28 20.000 19.613 0.38655 0.14942
51.3 45 10.000 11.150 -1.15019 1.32294
51.3 65 7.000 6.170 0.82958 0.6882
2.35939
Predicted values
0 13 1.244
25 40 1.901
37.6 28 6.225
37.6 45 3.763
59.8 45 24.336
43.9 45 6.040
44.1 45 6.136
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14.3 CHARACTERISTICSOF ENTRAINED SOLIDS

To this date, the characterigtics of entrained solids in the Phase | supernate feeds have not been
determined.
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5.0 SOLID - LIQUID SYSTEMS

Colloidd behavior isadigtinct possibility with tank waste because primary particle Sze can be
very smdl (<<micron). Colloida behavior is not more widely observed because in dectrolyte liquids
the particles do not develop surface charges and most of the particles tend to form agglomerates and
settle. Some of the terminology of colloid science is defined below:

Colloid -- asubstance in agtate of divison too smdl for resolution with an ordinary light
microscope, that fails to settle out of suspension and that prevents passage through a semipermesble
membrane (presumably because the particles plug the membrane).

Peptize--to create a colloida suspension, i.e,, asal.

Gedate--toformagd fromasol.

Gdl--asemisolid colloida materia formed from asol.

Peptization has been observed at Savannah River after extensive washing reduced the ionic
grength of the durry. At Hanford, peptization has never been observed in experimenta work. Hanford
does not anticipate washing as extensvely as Savannah River. Washed dudgeswill be stored in liquids
of adequate ionic strength so that peptization should not be a mgor problem.

Nevertheless, we have to anticipate that there will be afraction of the solids which approaches

colloidal behavior. In some Stuations, cloudiness can persist for severd weeks after agitetion. A very
amdl fraction of the solids exhibiting colloidal behavior can account for consderable turbidity.
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16.0 WATER SOLUBILITY, CAUSTIC LEACHING AND RELATED DATA

The potentia for remova by caudtic leaching has been evduated in Satus Report:
Pretreatment Chemistry Evaluation FY 1997 - Wash and Leach Factors for Sngle-shell Tank
Waste Inventory (Colton 1997). These mass-weighted factors are suitable for modeling in composite
flowsheets such as the TWRS Process Flowsheet. Wash and leach information for specific tanks and
waste types can aso be obtained from this reference, but they are not discussed in this section.

16.1 WATER SOLUBILITY OF SINGLE-SHELL TANK WASTE

The mass-weighted average water solubility (wash factor) of SST wasteisligted in Table 16-1.
This wash factor represents the fraction of 18 andytesin SST waste thet is water soluble upon retrieval
by duicing. The derivation of these factors does not include data for 241-C-106, which is processed
during Phase | of privatization.

16.2 CAUSTIC LEACH EFFECTIVENESSAFTER WATER WASHING

The mass-weighted average leach factor of SST wasteislisted in Table 6-1. The leach factor
represents the fraction of 18 analytesis SST waste that is removed by caudtic leaching after water
washing has previoudy removed water soluble species. The derivation of these factors does not include
datafor 241-C-106, which is processed during Phase | of privatization.

Caudtic leaching gppears to be capable of solubilizing gibbsite fairly rapidly. However, in some
tanks the storage temperature has promoted the dehydration of gibbsite to boehmite. Conversion
commences at gpproximately 100 C in weekly akaine conditions. Converson is 85 percent complete
in10.5 hrsat 150 C in 3M caustic (Weber 1982). This boehmite conversion has obviously occurredin
some tanks because resdud duminum is found as boehmite aswell asin some auminosilicate species.

Al(OH)3¢ + NaOH ----- >NaAlO2 + H0
Al(OH)z(g ------ > AlIOOH + H20 (>100 C in dkaine solution)
AIOOH + NaOH ----- > NaAlO2 + H:O (dow)

While temperature aids in the dissolution of gibbsite, temperature may aso promote dehydration
to boehmite. Sludge needs to be processed at conditions that promote the dissolution of gibbsite rather
than dehydration because once boehmite is formed, the redissolution isdow. Experiments have shown
that boehmite can be dissolved, but extending the duration of the leach step is required.

16.3 OXIDATIVE LEACHING DATA
The mass-weighted average oxidative leach factor of SST wadteislisted in Table16-1. The

oxidative leach factor represents the fraction of 18 analytesis SST waste that is removed by oxidative
leaching after water washing and caugtic leaching has removed water soluble species. Oxidative
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leaching is specificdly targeted at converting Cr(111) to Cr(V1), dthough additional removal of other
gpeciesis gpparently achieved. Reatively few types of waste have oxidetive leach data available, so the
mass-welghted average factor is undoubtedly conservative.
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Tablel6-1. Fiscal Year 1997 Summary of Mass-Weighted Wash and Leach Factorsfor a

Sngle- Shell Tank Wadte.

Andlyte fWasha Lemrg Oxidative (I:each % SST inventory
actor factor factor accounted for
Al 24 88" 7.8 101
78° 34°
Ba 2 0.1 Insufficient data inventory unknown
Bi 0.2 0.3 Insufficient deta 92
Ca 4 3 0.2 132
Cd 16 1 Insufficient data 76
Cr 35 78" 11° 80
77° 13°
YCcs 61 78 insufficient data 115
Fe 0.3 0.7 0.1 111
Mg 2 0.3 insufficient data inventory unknown
Mn 0.3 0.1 insufficient data 244
Na 9 46' insufficient data 98
Ni 7 2 insufficient data 70
PO4 79 75 5 95
Si 14 36 1 324
SOq4 Incomplete waste inventories--no wash and leach factors calculated.
S 0.2 1 insufficient data 226
g 0.1 1 insufficient deta 70
U 25 2.1 insufficient data 84
Zr 0.2 0.2 inaufficient data 151

?Percent analyte removed from initia solids.

® Percent analyte removed from washed solids.

°Percent andlyte removed from washed and leached solids using oxidative leaching

methods.

4 Asaresult of technical review comments, extended alkaline leach time study data,
previoudy combined with oxidative leaching data, were combined with dkadine leech data.  This
redistribution increased the leach factor and decreased the oxidative leach factor.

®Factors presented in June 30, 1997, draft report.

"Leach factor based on very limited data.
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7.0 EFFECT OF PRIVATE CONTRACTOR UNIT OPERATIONS ON MASSBALANCES

The integrated flowsheet in the HTWOS modd will account for BNFL Inc. materid baance
impacts in the future.
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18.0 METHODS FOR DETERMINING GLASS COMPOSITION

Without chemica adjustment, washed dudge from pretrestment does not make glass with
acceptable properties for processing and disposal. Chemical additions (typicaly slicon, boron and
lithium) bring the siream into the processable composition envelope. There are three methods for
determining the requisite amount of additives.

The first method, based on glass property models, is preferred for discrete batches of washed
dudge with known composition. When dudge data does not represent an actual composition (e.g., a
composite stream of dl dudge), glass property modeling is not appropriate. In this case, ether fixed
waste loading or Sngle component boundsis gpplied.

LAW wadgte is overwhelmingly water-soluble sodium, which drives the volume of ILAW.
During immohbilization, ILAW isformulated to have a nomina composition recommended in glass
optimization sudies.

The reader should refer to Appendix A for the details pertaining to glass loading in the HTWOS
modd.
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